Abstract-Under high current, a new type of high frequency oscillation is found during the turn off of 3.3kV IGBTs with trench gate structure. Measurements and simulations indicate that the avalanche generation and transit time effect of carriers within the IGBT leads to this oscillation. The transition time effect takes place during rise of collector voltage at turn-off, especially during the dynamic avalanche phase. The range of frequencies is at several 100 MHz. As the oscillation occurs only transiently, during dynamic avalanche, it is named -Transient Avalanche Oscillation (TA-Oscillation). Both the IMPATT-and PETT-mechanisms are found to be involved in the TA-Oscillation. Detailed investigations of the TA-Oscillation on a special development version of a 3.3kV IGBT led to measures to suppress and avoid such an oscillation. A consequence of preventing this oscillation is proved as an improvement in robustness during turn-off.
I. INTRODUCTION
High frequency oscillations at IGBT turn-off may cause EMI problems and therefore have been studied previously in IGBT and packaging-investigations ([1]- [5] ). Very high frequency oscillations could be explained by the Plasma Extraction Transit Time (PETT) mechanism ([1]- [5] ) which is similar to the BARITT diode mechanism [8] used for high frequency power generation. It is based on periodic charge extraction from the electron hole plasma and a charge transit time which is adjusted to the period of a parasitic resonance. A more common and higher efficient HF transient time generator is the IMPATT diode ( [6] , [8] ). It requires, however, strong impact ionization and therefore is very unlikely in tail current situations, different from PETT. Under low temperature dynamic IMPATT oscillations are found in the switching process of power diodes [7] . HF-oscillations are found, however, in IGBTs under extreme high current and high voltage outside the RBSOA. Such oscillation occurs at the presence of dynamic avalanche and seem to be a consequence of an IMPATT diode mechanism. The purpose of this work is a closer investigation on this second transit time diode effect which even might become mixed with the PETT effect. The measurements and simulations in this paper allow an quantitative analysis to clarify the work mechanisms of TA-Oscillation. an anti-parallel diode via emitter wire bonding. This substrate setup works as a single switch. Fig. 2 Measurement on DUT2 with long emitter wire-bonding. HFoscillation at end of the dynamic avalanche, oscillation frequency is about 150MHz
II. MEASUREMENT

A. Experimental Setup
B. Results
High frequency oscillations are observed out of RBSOA (at a current density about 130A/cm 2 ). The oscillations happen when the most part of the I CE is still flowing and the dV CE /dt is limited by the avalanche process. Fig. 3 shows the measurement on DUT1. Oscillations are found at the begin of the dynamic avalanche process. Fig.4 shows the result of the measurement on DUT2. Oscillations are found at the end of the dynamic avalanche process. The frequencies are determined as 600MHz on DUT1 and 155MHz on DUT2. Fig.5 represents the one-dimensional transit time structure during IGBT turn-off. After turning-off the MOS-channel, most of the current must be carried by the holes instead of electrons. At that moment, the electron-density decreases and the net hole-density near to the emitter side increases according to the current-share of holes. This results in an net positive charge density (hole-density minus electron-density) near the MOS channel and increases the gradient of electrical field according to the Poisson equation. An abrupt turn-off of the MOS channel current would lead to transient high electrical field peak near the emitter side which exceeds the critical field strength of silicon and leads to dynamic avalanche. The electrons generated by avalanche drift through 
III. THEORY OF TRANSIENT AVALANCHE OSCILLATION
The efficiency of the RF-power generation can be described by Eq.(1) [9] . The injection-dependent part η 1 tends to 1 at sufficiently small Θ W . The transit time dependent part of IMPATT and PETT structures η 2 are shown in Fig.7 . Although the peak values of η 2 decrease with the increase of the drift angle, the second peak value of IMPATT is still as high as the first peak value of PETT. For a certain width of the depletion region W each peak value of η 2 in Fig.7 corresponds to an transit time eigenfrequency (F 1IM ,F 2IM ,F 1BA ). Signals at these frequencies would be amplified most effectively. With the assumption that there is a triangular E-field distribution with E max = 2 × 10 5 V /cm and a plausible logarithmic Fig.9 as functions of W .
A. Resonance circuits
To analyze the HF-oscillations, we are particularly interested in the resonance circuit close to IGBT chips. Fig.8 shows a schematic illustration of the resonance circuits near to the IGBT chip. Three resonance circuits are constituted of IGBT and diode junction capacitance, capacitance between DCB areas and the inductance of bond-wires. Resistances in the circuit act as damping factor and have just minimal impact on the resonance frequencies.
For the HF-analyze the chip capacitance of IGBT and diode is given by Eq.(2). The extension of the depletion region leads to the reduction of the chip capacitance both in IGBT and the
RC2 Fig. 8 . Resonance circuits (RC1, RC2 and RC3) of the DCB setups shown in Fig.2(a) diode, which means increase of the resonance frequencies in all the resonance circuits. Due to the higher carrier lifetime and the resulting higher plasma density, the extension of the depletion region of IGBT is slower than that of diode. The ratio (γ) between the depletion region width in diode and IGBT depends on the turn-off process of the channel current and the load current. The resonance frequencies shown in Fig.9 are roughly determined with the assumption of γ = 2 and the depletion region reaches the field stop layer at 400µm in the 3.3kV diode. Oscillations would be raised under conditions close to the cross points in Fig.9 .
0,0E+00 Fig. 9 . Eigenfrequencies of the depletion region: F 1IM , F 2IM and F 1BA (s .  Fig.7) ; Eigenfrequencies of resonance circuits (s. Fig.8 ): F RC1 , F RC2 and F RC3
IV. SIMULATION AND ANALYSIS
A 2D IGBT model (DUT) is setup in Sentaurus device simulator. Due to the rapid development of the computer techniques, it is now possible to solve the semiconductor device model in a spice-similar circuit environment. As shown in Fig.10 , the parasitic elements in the IGBT module and in the measurement setup are integrated in the simulation circuit. The real turn-off process is simulated without artificial stimulation of oscillation. The time derivative of the current signal on R5 represents the antenna signal in the measurement. Weak oscillations are found during the whole ramp up process of V CE which indicates the participation of PETT (F 1BA in Fig.9 ). The frequencies decrease according to the extension of the depletion region from 560MHz to 200MHz before the Conventional methods such as mismatching the resonance circuit and the transit time frequencies can be applied as countermeasure to TA-Oscillation. Beside that TA-Oscillation can be eliminated by a suitable driver concept. Fig.12 shows the effect of a pacemaker driver concept to suppress the TAOscillations. Shortly before the avalanche, an additional short driver pulse is applied to charge the gate and open it again. Partial opening of the MOS-channel can be achieved and delivers electron current from the MOS-channel. The hole current and hole density at emitter side can thereby be reduced. The corresponding reduction of E max would suppress the avalanche generation. The pacemaker driver forces a direction change of current in the gate circuit. This compensates also a possible asymmetrical current distribution due to any existing asymmetrical module construction. Besides the suppression of TA-oscillation, the pacemaker concept makes the IGBT even more robust. The 3.3kV test module can be switched off at more than 180A/cm 2 . VI. CONCLUSION TA-Oscillations are observed during the turn-off of 3.3kV Trench-IGBT. Different from the PETT-oscillation, the IMPATT-like mechanism plays a key role in the TAOscillation. At high current, MOS-channel turn-off can lead to avalanche generation at emitter side in the IGBT. Similarly as the IMPATT diode, the transit time effect of the charge carriers makes the IGBT possible to act as a HF-amplifier. Due to the high efficiency, HF-oscillation can even be raised with the drift angle of 2.9π. That corresponds to roughly four times higher frequency than the IMPATT frequency of the conventional calculation with the drift angle of 3π/4. Because of the dynamic extension of the depletion region, TAOscillations spread over a frequency band determined by the actual depletion region. Unlike the previous investigation on such HF-oscillation, TA-Oscillation is successfully simulated in the power semiconductor device simulator without artificial HF-stimulation. A driver concept pacemaker is presented to suppress TA-Oscillation. This driver concept is also proved to be an effective measure to enhance the turn-off robustness of IGBTs.
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